InGaN/GaN multiple-quantum-well light-emitting diodes with a grading InN composition suppressing the Auger recombination In conventional InGaN/GaN light-emitting diodes (LEDs), thin InGaN quantum wells are usually adopted to mitigate the quantum confined Stark effect (QCSE), caused due to strong polarization induced electric field, through spatially confining electrons and holes in small recombination volumes. However, this inevitably increases the carrier density in quantum wells, which in turn aggravates the Auger recombination, since the Auger recombination scales with the third power of the carrier density. As a result, the efficiency droop of the Auger recombination severely limits the LED performance. Here, we proposed and showed wide InGaN quantum wells with the InN composition linearly grading along the growth orientation in LED structures suppressing the Auger recombination and the QCSE simultaneously. Theoretically, the physical mechanisms behind the Auger recombination suppression are also revealed. The proposed LED structure has experimentally demonstrated significant improvement in optical output power and efficiency droop, proving to be an effective solution to this important problem of Auger recombination. Both electrically and optically, InGaN/GaN light-emitting diodes (LEDs) have promised higher efficiency and reliability as the blue light sources for white light generation. Hence, they are regarded as excellent candidates for artificial lighting to replace the incumbent conventional fluorescent and incandescent lighting sources. For that a significant progress has been made for InGaN/GaN LEDs in the past several decades. 1 However, the LED efficiency has been so far still limited and especially high levels of efficiency droop have commonly been observed at high current density, caused by several factors including electron overflow, 2, 3 Shockley-Read-Hall (SRH) recombination, 4, 5 and Auger recombination. 6 Among them, the Auger recombination is more severe under a high injection current level, since the Auger recombination scales with the third power of the carrier density ($n 3 with n denoted as the density of the captured carriers in quantum wells). Therefore, it is very important to suppress the Auger recombination to improve the LED performance. To address the Auger-related issues and enhance the LED performance, one can consider increasing the quantum well thickness and homogenizing the carrier distribution within the quantum wells to reduce the carrier density. Nevertheless, InGaN/GaN LEDs grown along the [0001] orientation suffer from the strong polarization induced electric field in the quantum wells. 7 Consequently, a tilted energy band alignment is produced, which in turn causes electron and hole separation and carrier accumulation at the opposite interfaces of the polarization mismatched quantum well and quantum barrier heterojunction. A more homogeneous carrier distribution can be realized by the LED structures based on nonpolar and semipolar growth planes. 8, 9 Moreover, even in the case of the [0001] orientation, the polarization matched condition can be realized by embedding InGaN quantum wells between the properly alloyed quaternary AlGaInN quantum barriers. 10 However, the cost of the nonpolar/semipolar substrates and the limited freedom of epitaxial growth for the quaternary AlGaInN compounds hinder the wide adoption of these solutions. On the other hand, due to the mobility and doping asymmetry for electrons and holes, the electron density is normally higher than the hole density in the quantum wells, and hence the Auger recombination can be effectively reduced if the electrons are evenly distributed in the quantum wells under high current injection level.
In this work, we proposed and demonstrated a LED architecture grown along the [0001] orientation with wide quantum well thickness of grading InN composition in the InGaN/GaN quantum wells. We achieved an enhanced level of optical power and a reduced efficiency droop both in numerical simulations and experimental measurements, which is well attributed to the Auger recombination rate suppression by the proposed structure. The computations show a more flattened conduction band and a more even electron distribution profile in the quantum wells for the proposed LED. The Auger recombination is found to be less supported in the proposed LED structure according to our calculations.
The LEDs (samples A and B) with the aforementioned quantum well configurations have been grown by a metalorganic chemical vapor deposition (MOCVD) system. The growth for both the samples was initiated from the c-plane sapphire substrates. A 30 nm thick GaN nucleation layer was first deposited and then a 4 lm thick unintentionally doped GaN (u-GaN) layer was grown as the template. This was followed by a 2 lm n-type GaN layer, which was doped by Si dopants of 5 Â 10 18 cm
À3
. The two grown epi-samples differ only in their multiple quantum wells (MQWs). Sample A employed three periods of In 0.15 Ga 0.85 N/GaN MQWs of which the quantum well and quantum barrier thickness was fixed at 3 nm and 12 nm, respectively. Sample B also employed three periods of InGaN/GaN MQWs, but the quantum well thickness was increased to 5 nm and the InN composition was linearly decreased from 0.15 to 0.08 within the 5 nm quantum well range. The quantum barrier thickness was kept as 12 nm. Note that the average InN composition of the quantum well of sample B was set to 0.115 in order to keep the same 450 nm peak emission wavelength (W p ) as that of sample A. The schematic energy band diagrams of the quantum well for samples A and B have been illustrated in Figs. 1(a) and 1(b), respectively. Subsequently, a 25 nm p-type Al 0.20 Ga 0.80 N electron blocking layer and a 0.2 lm thick p-type GaN layer were grown for both the samples. The effective hole concentration was estimated to be 3 Â 10 17 cm
. Finally, a heavily doped p þ -GaN layer of 10 nm was finally grown serving as the ohmic contact layer.
For optical output power characterization of samples A and B, an integrating sphere attached to an Ocean Optics spectrometer (QE65000) was used to collect the electroluminescence (EL). The indium metal contacts with a diameter of 1.0 mm were made on the LED wafers. Also, the numerical simulations were conducted to study the electron density profile, the energy bands, and the carrier recombination. The software package used in this work is the commercial APSYS simulator. 11 The SRH recombination coefficient, the energy band offset, and the other simulation parameters for nitrogen-containing compounds can be found in our previously published works. 7, [11] [12] [13] [14] [15] Meanwhile, according to Figs. 1(a) and 1(b), we also considered the polarization induced charges, and the charge density is calculated according to the models developed by Fiorentini et al. 16 Specifically, a bulk charge density of þ5. 15 , respectively, for both samples A and B. The screening effect to the polarization induced electric field in the quantum well by the free carriers has also been taken into account during the computations. The Auger recombination coefficients were taken from the recently published work by Kioupakis et al. 6 Note that we did not consider the impact of the polarization effect on the SRH and Auger recombination coefficients, 18 since it has only minor effect on the simulation results.
Figs. 2(a)-2(d) show the optical output power and the external quantum efficiency (EQE) for samples A and B both from the computations and the experiments. It can be seen that both the optical output power and the EQE are improved for sample B compared to sample A and a good agreement between the numerical and experimental results are observed. Specifically, according to Fig. 2(c) the experimentally measured optical output power for sample B at 150 A/cm 2 is increased by 29.39% when compared to that for sample A. In addition, sample B has demonstrated a reduced efficiency droop both in the computation and the experiment according to Figs. 2(b) and 2(d). The numerically calculated efficiency droop for samples A and B in Fig. 2(b) is 40.73% and 35.52% at 150 A/cm 2 , respectively; while the experimentally measured droop for samples A and B in Fig. 2(d) is 39.23% and 31.83% at 150 A/cm 2 , respectively. In addition, the values of the full width at half maximum (FWHM) in terms of the current density for the EL spectra are also shown as an inset in Fig. 2(d) . The FWHM for sample B is slightly larger than that for sample A. However, such a small variation in the FWHM values between the two samples will not cancel the advantage of the proposed quantum well structure in improving the LED performance. Hence, the reduced efficiency droop for sample B is attributed to the suppressed Auger recombination rates within the proposed quantum wells, and the details are to be discussed subsequently. Note that the slight discrepancy between the computed and measured results is likely due to the uncertainty and discrepancy for the relationship between the simulation parameters and temperature/carrier density for III-nitride materials. 19 The computed energy band diagrams for samples A and B at 140 A/cm 2 are demonstrated in Figs. 3(a) and 3(b) , respectively. Fig. 3(a) clearly shows that the conduction band of each quantum well has been significantly tilted and the electrons are strongly accumulated locally at the interface of the quantum well and the quantum barrier, which adversely promotes the Auger recombination rates within the quantum wells. However, the conduction band of the quantum wells is more flattened in sample B, as a result of the InN composition linearly decreased from 0.15 to 0.08 in each quantum well along the [0001] growth orientation. Therefore, according to the alignment of the electron quasiFermi level and the conduction band, we can predict that the electrons are more evenly distributed across the 5 nm thickness of each quantum well. Meanwhile, we also show the subbands for the wave functions of C1 and HH1 in Figs. 3(a)  and 3(b) . The computed subbands in Fig. 3(b) demonstrate the two-dimensional density of states is formed even in the thicker quantum well of sample B. Also, we accordingly show the electron concentration profiles in the MQW regions calculated for both samples A and B in Fig. 4 , which illustrates that the electrons in the quantum wells for sample B are more uniformly distributed among the quantum wells while more electrons are accumulated at the quantum well/ quantum barrier interface for sample A. A more homogenous electron distribution in the quantum wells for sample B is essential to suppressing the Auger recombination rates, as will be shown subsequently. Fig. 5(a) shows the calculated Auger recombination rates (R AR ) and the radiative recombination rates (R radi ) in the MQW regions for both samples A and B as a function of the injection current density. Since the volume of the MQW regions for samples A and B is different, it is reasonable to compare the averaged R AR and R radi . The average recombination rates (R average ) is defined as
x Â dx, where R(x) is the radiative or Auger recombination rates at different locations (x) along the [0001] growth orientation while t QW is the total thickness of the MQW region. Here, the integration step (dx) is set by the mesh site which has been properly set in our simulations. Fig. 5(a) shows that the R AR increases with the increasing current density for both the samples and the R AR for sample B is always smaller than that for sample A in the whole range of current density. This result indicates the effectiveness of our proposed structure in the suppression of Auger recombination. Moreover, the R AR overtakes R radi for sample A at 145 A/cm 2 , which arises from the strong electron accumulation locally. The even stronger R AR in sample A is the root cause of the lower optical power and larger efficiency droop in Figs.  2(a)-2(d) . Nevertheless, the R AR is always smaller than the R radi within the current density range for sample B as demonstrated in Fig. 5(a) . Hence, the R AR is suppressed for sample B, which is accountable for the reduced efficiency droop and the improved optical output power when compared to sample A.
It is worth examining the evolutional details of the relative Auger recombination and radiative recombination of the two samples to deeply understand the operating principles of our proposed structure. The ratios of the Auger recombination rate and the radiative recombination rate of sample B to sample A are presented in Fig. 5(b) . It can be seen that in the low current density range below 75 A/cm 2 , the ratio R AR (B)/ R AR (A) is smaller than unity but increases with the current density. This can be understood from the fact that the Auger recombination rate of sample B is overall smaller than that of sample A due to the reduced electron density in the proposed structure. However, as the current density increases, the spreading of the electrons and holes in sample A increases more significantly compared to that of sample B. Therefore, the increasing rate of the Auger recombination in sample A is slower than that in sample B. On the other hand, above the current density of 75 A/cm 2 , due to the thin thickness of sample A, the spreading of the electrons and holes reaches a limit and the carrier density starts to increase quickly, leading to a quick increase of the Auger recombination. This explains the decreasing behavior of the ratio R AR (B)/R AR (A) above 75 A/cm 2 . It should be pointed out that the decreasing relative Auger recombination rate does not link to an increase of the relative radiative recombination rate of samples B and A as shown in Fig. 5(b) in the high current density range above 75 A/cm 2 . This could be caused by the more severe current leakage in sample B since the effective conduction band barrier height for electrons has been decreased due to the reduced energy band offset at the In 0.08 Ga 0.92 N/GaN interface. Hence, to suppress both the electron leakage level and Auger recombination simultaneously, it is possible to increase the average InN composition by properly increasing the InN grading level in the quantum wells, as shown in sample B.
In summary, the Auger recombination has been shown to be substantially reduced through linearly varying the InN composition along the [0001] growth orientation in the quantum wells and increasing the quantum well thickness for InGaN/GaN LEDs. The reduction in the Auger recombination is enabled by more evenly distributing the electron profile within the wider quantum wells, which in turn decreases the electron density at high injection current levels. With the proposed quantum well structure embedded into the InGaN/GaN LED, an improved level of optical output power and a reduced efficiency droop have been achieved both numerically and experimentally in this work. Wide InGaN/GaN quantum wells with linearly graded InN composition hold great promise for achieving highperformance InGaN/GaN LEDs.
